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Tyrosine phosphorylation of CAS (Crk-associated substrate, p130©**) has been implicated as a key signaling
step in integrin control of normal cellular behaviors, including motility, proliferation, and survival. Aberrant
CAS tyrosine phosphorylation may contribute to cell transformation by certain oncoproteins, including v-Crk
and v-Src, and to tumor growth and metastasis. The CAS substrate domain (SD) contains 15 Tyr-X-X-Pro
motifs, which are thought to represent the major tyrosine phosphorylation sites and to function by recruiting
downstream signaling effectors, including c-Crk and Nck. CAS makes multiple interactions, direct and indi-
rect, with the tyrosine kinases Src and focal adhesion kinase (FAK), and as a result of this complexity, several
plausible models have been proposed for the mechanism of CAS-SD phosphorylation. The objective of this
study was to provide experimental tests of these models in order to determine the most likely mechanism(s) of
CAS-SD tyrosine phosphorylation by FAK and Src. In vitro kinase assays indicated that FAK has a very poor
capacity to phosphorylate CAS-SD, relative to Src. However, FAK expression along with Src was found to be
important for achieving high levels of CAS tyrosine phosphorylation in COS-7 cells, as well as recovery of
CAS-associated Src activity toward the SD. Structure-functional studies for both FAK and CAS further
indicated that FAK plays a major role in regulating CAS-SD phosphorylation by acting as a docking or
scaffolding protein to recruit Src to phosphorylate CAS, while a secondary FAK-independent mechanism
involves Src directly bound to the CAS Src-binding domain (SBD). Our results do not support models in which
FAK either phosphorylates CAS-SD directly or phosphorylates CAS-SBD to promote Src binding to this site.

CAS (Crk-associated substate, p130<**) was first recognized
as a tyrosine-phosphorylated protein in cells transformed by
v-Crk or v-Src (27, 38, 52) and later characterized as a docking
protein containing multiple protein-protein interaction do-
mains, including a Src-homology 3 (SH3) domain at the N
terminus, a Src-binding domain (SBD) near the C terminus,
and a large interior substrate domain (SD) (40, 47, 52). The
CAS SH3 domain may function as a molecular switch regulat-
ing CAS tyrosine phosphorylation since it interacts with ty-
rosine kinases focal adhesion kinase (FAK) (22, 47, 48) and the
FAK-related kinase PYK2 (also known as CAKP, RAFTK,
and CADTK) (3, 42) and also with tyrosine phosphatases
PTP-1B (35) and PTP-PEST (18). The SBD represents a sec-
ond site of CAS interaction with tyrosine kinases and consists
of a proline-rich motif, RPLPSPP (amino acid residues 639 to
645 in mouse CAS), that can interact with the SH3 domains of
Src-family kinases (SFKs) and a nearby tyrosine phosphoryla-
tion site (Tyr-668 and/or Tyr-670) that can promote an inter-
action with the Src-homology 2 (SH2) domain of SFKs (37,
40). CAS-SD, the major region of tyrosine phosphorylation, is
characterized by 15 tyrosines present in Tyr-X-X-Pro (YXXP)
motifs. When phosphorylated, most YXXP motifs conform to
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the binding consensus for the Crk SH2 domain (pYDxP) (13),
and thus one or more of these sites likely mediates CAS in-
teractions with v-Crk (10, 40) and its normal counterpart the
SH2/SH3 adaptor c-Crk (29, 64). The SH2-mediated binding
of Crk to CAS promotes subsequent signaling events through
proteins associated with the Crk SH3 domain(s), including
C3G and DOCKI180, which stimulate guanine nucleotide ex-
change on Rapl and Racl, respectively (19, 23, 28, 31, 60).
CAS tyrosine phosphorylation also promotes SH2-mediated
interactions with the adaptor Nck (57) and the SH2-containing
inositol 5'-phosphatase 2 (SHIP2) (49), which may also act as
downstream effectors in CAS signaling.

Functionally, CAS has been linked to the organization of the
actin cytoskeleton and the regulation of cell motility, growth,
and survival. Mice lacking CAS die at about embryonic day 12
with numerous developmental defects, including a heart ab-
normality associated with disorganized cardiocyte myofibrils
and Z disks, while fibroblasts derived from CAS null embryos
exhibit disorganized actin stress fibers (24). In cultured fibro-
blasts, CAS localizes to focal adhesions and undergoes tyrosine
phosphorylation in response to integrin-mediated cell adhe-
sion (6, 41, 46). The recruitment of c-Crk to tyrosine-phos-
phorylated CAS appears to be a key step in integrin control of
cell migration. In COS cell expression studies, formation of a
CAS/Crk complex enhances haptotactic cell migration and
promotes cell invasion through collagen (15, 16, 29) while rates
of cell spreading and migration are enhanced upon CAS reex-
pression in CAS null fibroblasts (25). The ability of FAK to
promote cell migration has been linked to its ability to bind
CAS and promote CAS tyrosine phosphorylation (14, 45).
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CAS/Crk coupling has also been linked to activation of the
Rac-JNK (c-Jun N-terminal kinase) pathway (17), which may
contribute to the anchorage requirement for cell cycle progres-
sion (43) and cell survival (2, 16). Increased CAS tyrosine
phosphorylation has also been observed during integrin-medi-
ated cellular uptake of the enteropathogenic bacterium Yer-
sinia pseudotuberculosis (65) and type 2 and type 5 adenovi-
ruses (33) and following stimulation of certain receptor
tyrosine kinases, G-protein-coupled receptors, and B- and T-
cell antigen receptors (reviewed in reference 44).

The original descriptions of CAS as a putative v-Src sub-
strate and a binding target for the SH2 domain of v-Crk sug-
gest a possible involvement of deregulated CAS tyrosine phos-
phorylation in oncogenic transformation. Indeed, CAS null
cells are resistant to transformation by oncogenic Src but can
be transformed by Src when CAS is reexpressed (24). Although
Src transformation does not require maximal levels of CAS
tyrosine phosphorylation (9), the CAS phosphatase PTP-1B
can inhibit transformation by v-Src (as well as v-Crk and v-Ras)
(36), suggesting that CAS-SD tyrosine phosphorylation may be
an important event in transformation by certain oncoproteins.
CAS exhibits abnormally high phosphotyrosine levels in fibro-
blasts transformed by ornithine decarboxylase or Ras (5) and
in carcinoma cells selected for metastatic potential (29). Inter-
estingly, increased expression of the human CAS ortholog
(BCARL1) has been linked to breast cancer progression and
tamoxifen resistance (8, 62).

The fact that CAS interacts with members of both the Src
and FAK kinase families creates uncertainty regarding the
mechanism by which integrin-regulated CAS-SD tyrosine
phosphorylation is achieved. Previous studies utilizing knock-
out fibroblast cell lines have implicated SFKs as playing a
critical role. Thus, CAS tyrosine phosphorylation is greatly
reduced in cells lacking either Src or Fyn or in a Src/Fyn/Yes
triple knockout and is restored when Src is reexpressed (21, 30,
53, 57, 64), while cells lacking the SFK negative regulator
C-terminal Src kinase (CSK) exhibit elevated CAS phospho-
tyrosine (53, 64). In contrast, the level of CAS phosphotyrosine
was reported to be near-normal in FAK null cells (53, 64),
suggesting that FAK may not be a critical CAS kinase. How-
ever, a later study showed that inducible FAK reexpression in
these cells caused a several-fold increase in adhesion-depen-
dent CAS tyrosine phosphorylation (45). PYK2 is upregulated
in FAK null cells (45, 58) and may compensate partially for the
absence of FAK in promoting CAS tyrosine phosphorylation
(4). Further complicating the issue of the relative roles played
by FAK versus SFKs in promoting CAS-SD tyrosine phosphor-
ylation is the observation that SFKs not only bind to the CAS-
SBD but also interact through their SH2 domains with FAK at
its Tyr-397 autophosphorylation site (47, 56, 66). This interac-
tion can aid in activating SFKs by releasing autoinhibitory
intramolecular interactions (55), and FAK could therefore be
viewed as a docking or scaffolding protein that functions to
recruit and activate SFKs to phosphorylate CAS and other
substrates. Yet another complication stems from observations
that Src bound to the FAK Tyr-397 site phosphorylates the
FAK kinase domain activation loop which enhances FAK cat-
alytic activity (12, 45, 51). Given these intricacies, it is not
surprising that several models for the mechanism of CAS-SD
tyrosine phosphorylation by FAK and/or Src have been pro-
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posed (11, 40, 57, 59, 64; see Fig. 1), and uncertainty remains
regarding this signaling event.

The objective of this study was to clarify the mechanism of
CAS-SD tyrosine phosphorylation by FAK and/or Src by test-
ing existing models. By analyzing CAS phosphorylation in vitro
by FAK or Src and by evaluating FAK and CAS functional
requirements for achieving CAS tyrosine phosphorylation in a
CAS-FAK-Src complex reconstituted in COS-7 cells, we de-
termined that FAK plays a major role in regulating CAS-SD
phosphorylation through its ability to recruit Src to phosphor-
ylate CAS while a second FAK-independent mechanism in-
volves Src recruited directly to the CAS-SBD.

MATERIALS AND METHODS

Antibodies, plasmids, and cells. The anti-CAS rabbit polyclonal antiserum
Cas-B (22) was generously provided by Amy Bouton, University of Virginia. The
monoclonal antibody against CAS (here designated CAS-TL) and horseradish
peroxidase (HRP)-conjugated anti-mouse immunoglobulin G (IgG) were ob-
tained from BD Transduction Laboratories (San Diego, Calif.). Anti-FAK poly-
clonal antibody C20 was from Santa Cruz Biotechnology (Santa Cruz, Calif.).
Anti-FAK pTyr-397 (pFAK397) was from Biosource International (Hopkinton,
Mass.). Anti-Src monoclonal antibody 327 was from Oncogene Research Prod-
ucts (Cambridge, Mass.). Anti-phosphotyrosine monoclonal antibody 4G10 was
from Upstate Biotechnology (Lake Placid, N.Y.). Monoclonal antibody 12CAS5
that recognizes the hemagglutinin (HA) epitope was from Boehringer Mann-
heim (Indianapolis, Ind.). Monoclonal antibody 9E10 against the c-Myc epitope
was generously provided by Kathy Gould, Vanderbilt University. Rabbit anti-
mouse IgG was obtained from Jackson ImmunoResearch Laboratories (West
Grove, Pa.).

pRc/CMV-based plasmids for expression of mouse FAK variants tagged either
at their C termini with an HA epitope tag (FAKHA) or at their N termini with
a c-Myc tag (mycFAK) have been described (12, 48, 67). pRc/CMV plasmids for
the expression of mouse n-Src variants, either unmutated wild-type (WT) or
kinase-dead (KD; arginine substitution for the conserved kinase domain Lys-
303), were described previously (48). A pRc/CMYV plasmid for expressing mouse
c-Src, lacking the n-Src SH3 domain insert, was constructed for this study.
Plasmid pRc/CMV-CASmyc(WT) for the expression of wild-type mouse CAS
with a C-terminal c-Myc epitope tag was described previously (14). Standard
methods were used to construct additional plasmids for expression of CAS
mutants with a C-terminal Myc tag. pRc/CMV-CASmyc(ASH3) was made by
introducing Clal and Hpal sites in codons 5 to 7 and 64 and 65, respectively, and
then digesting with these enzymes and religating to remove the intervening
sequence which encodes the SH3 domain. pRc/CMV-CASmyc(mPR) was made
by introducing a Sacll site in codons 642 to 644 such that the RPLPSPP SH3
binding motif was changed to the sequence RAAASPP. pRc/CMV-CASmyc
(F668/F670) was made by changing codons for SBD tyrosines 668 and 670 to
encode phenylalanine. Plasmid pGEX-CAS(SD) was constructed by subcloning
an Xhol-HindIII fragment of the mouse CAS cDNA, encoding amino acid res-
idues 33 to 545, including the entire SD, into pGEX-KG (20). The GST-CasSD
fusion protein encoded by pGEX-CasSD was expressed in Escherichia coli cells
and purified by affinity chromatography using glutathione-agarose beads (20).

COS-7 cells and mouse embryo fibroblasts were obtained and cultured as
described previously (12, 45).

Assays for kinase activity toward CAS in FAK immunoprecipitates. Expres-
sion plasmids for mycFAK variants (WT, F397, or R454) and n-Src variants (WT
or KD) were transfected into COS-7 cells (1.5 pg of each plasmid per 60-mm-
diameter dish of subconfluent cells) using Lipofectamine (Life Technologies,
Rockville, Md.). Cell lysates were prepared 48 h after transfection in NP-40
buffer (50 mM Tris-Cl [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1% NP-40, 1%
aprotinin, 50 mM NaF, and 0.1 mM Na;VO,). The bicinchoninic acid protein
assay (Pierce, Rockford, Ill.) was used to determine protein concentration, and
equal amounts of total protein (~300 pg) from the lysates were brought to 1 ml
in NP-40 buffer and used for immunoprecipitation with 2 pg of monoclonal
antibody 9E10, followed by 10 wg of rabbit anti-mouse IgG. The immune com-
plexes formed were precipitated using 25 pl of a 50% slurry of protein A-
Sepharose beads (Zymed Laboratories, San Francisco, Calif.) which had been
preadsorbed with mouse CAS protein (CAS beads). (To prepare CAS beads,
mouse embryo fibroblasts were lysed in radioimmunoprecipitation assay [RIPA]
buffer [NP-40 buffer supplemented with 1% sodium deoxycholate and 0.1%
sodium dodecyl sulfate {SDS}] and then were adjusted to a total protein con-
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centration of 5 mg/ml and subjected to immunoprecipitation using 5 pg of
CAS-TL monoclonal antibody, followed by 50 pg of rabbit anti-mouse IgG and
then 500 pl of a 50% slurry of protein A-Sepharose. The CAS beads were then
washed extensively in RIPA buffer before being resuspended in NP-40 buffer.)
CAS beads containing mycFAK immune complexes were washed extensively in
NP-40 buffer and divided for further analysis. One-third of the beads were
utilized for immunoblot assessments of FAK recovery or coprecipitating Src,
while the rest were used for in vitro kinase reactions.

For the kinase reactions, beads were washed in kinase assay buffer (50 mM
PIPES [pH 7.0], 10 mM MnCl,, 1 mM dithiothreitol [DTT]) and then equally
divided and incubated for 30 min at room temperature with intermittent agita-
tion in 30 pl of kinase assay buffer containing 0.25 wCi of [y->’P]JATP/ml (4,500
Ci/mmol; ICN, Irvine, Calif.) and in the presence or absence of 44 uM PD161430
(45, 67). Reactions were stopped by boiling samples for 5 min in 100 pl of SDS
boiling buffer (0.2% SDS, 50 mM Tris-Cl [pH 7.5], 5 mM EDTA, 10 mM DTT).
After boiling, the beads were pelleted, the supernatant was collected and ad-
justed to the composition of RIPA buffer, and then CAS was again immunopre-
cipitated, essentially as described above. Reimmunoprecipitation was necessary
to remove FAK, which autophosphorylates and has an electrophoretic mobility
similar to CAS. The beads were resuspended in 2X SDS-polyacrylamide gel
electrophoresis (PAGE) sample buffer, CAS was resolved by SDS-7% acryl-
amide PAGE, and CAS phosphorylation was visualized by autoradiography of
the dried gel and quantitated by phosphorimage analysis. Portions of the reim-
munoprecipitated CAS samples were also subjected to immunoblot analysis to
evaluate CAS recovery.

Assays for CAS tyrosine phosphorylation and CAS-associated kinase activity
following FAK-Src-CAS complex formation in COS-7 cells. Plasmids (1 to 1.5 pg
each) expressing Src (n-Src or c-Src), FAK (HA tagged or untagged), and in
some cases, Myc-tagged CAS, were transfected into COS-7 cells (alone or in
combinations) as described above. For each transfection, 3 ug of total plasmid
DNA was used, with empty vector making up the additional transfected DNA
when needed. Cell lysates were prepared in NP-40 buffer and adjusted to equal
protein concentrations as described above. A portion of each lysate (25 pl
containing ~25 pg of protein) was used to assess expression of the exogenous
FAK or Src proteins or Tyr-397-phosphorylated FAK by immunoblot analysis
while the remaining lysate was used for CAS immunoprecipitation. When Myc-
tagged CAS variants were expressed, immunoprecipitation was accomplished
using the 9E10 antibody essentially as described above for Myc-tagged FAK. In
experiments where Myc-tagged FAK variants were expressed, CAS was not
coexpressed and the endogenous COS-7 cell CAS was immunoprecipitated using
the CAS-TL antibody essentially as described above for the preparation of CAS
beads. CAS immune complexes were recovered from the NP-40 lysates on
protein A-Sepharose beads, and the beads were divided for immunoblot assess-
ment of CAS recovery and phosphotyrosine content or for kinase reactions as
described above.

Immunoblot analyses. Proteins from whole-cell lysates or isolated by immu-
noprecipitation were resolved by SDS-7% acrylamide PAGE, transferred to
Immobilon-P (Millipore Corp., Bedford, Mass.), and subjected to immunoblot
analysis with antibodies FAK C-20, 12CAS, 9E10, Src-327, CAS-TL, CAS-B,
pFAK397, or 4G10. Blots were blocked from 2 h to overnight in Tris-buffered
saline containing 0.2% Tween 20 (TBST) and either 3% bovine serum albu-
min-1% ovalbumin (for 4G10) or a 5% nonfat dry milk solution (for all others).
After blocking, blots were incubated for 2 h in primary antibody solutions
prepared in blocking buffer prior to washing extensively in TBST. Detection was
performed with enhanced chemiluminescence using either HRP-conjugated goat
anti-mouse IgG or HRP-conjugated protein A (BD Transduction Laboratories)
and detection reagents from Amersham Pharmacia Biotech (Piscataway, N.J.).
Concentrations of primary antibodies were as follows: C-20, 0.4 pg/ml; 12CAS,
1.0 wg/ml; 9E10, 3.8 pg/ml; Src-327, 1.0 pg/ml; CAS-TL, 0.5 pg/ml; Cas-B, 1:500
dilution of whole antiserum; pFAK397, 0.25 pg/ml; 4G10, 1.0 pg/ml.

Tryptic phosphopeptide mapping and phosphoamino acid analysis. CAS pro-
teins were labeled in vitro with 3?P either as described above or by using bacu-
lovirus-produced c-Src or FAK as described previously (12, 45). GST-CAS
(SD) was phosphorylated using baculoviral Src. The 3?P-labeled proteins
were separated by SDS-PAGE, eluted from the gel, and subjected to two-
dimensional tryptic phosphopeptide mapping analysis and phosphoamino
acid analysis on thin-layer cellulose plates (7). For phosphopeptide mapping,
electrophoretic separation was carried out for 30 min at 1,000 V in pH 1.9
buffer. Chromatographic separation was carried out for ~20 h in phospho-
chromo buffer.
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FIG. 1. Models for CAS substrate domain phosphorylation by FAK
or Src (see text for details). SD, substrate domain; SBD, Src-binding
domain; 2, SH2 domain; 3, SH3 domain; Y, tyrosine; encircled P,
phosphorylated tyrosine; visage, kinase domain.

RESULTS

Models for CAS substrate domain phosphorylation. De-
picted in Fig. 1 are five alternative models proposed for
CAS-SD tyrosine phosphorylation by Src or FAK. According
to model A (11, 40), Src phosphorylates CAS-SD after its SH3
domain binds to the RPLPSPP motif in CAS-SBD. Once
bound, Src may phosphorylate the nearby SBD tyrosine(s) 668
and/or 670 and undergo an additional SH2-mediated interac-
tion with these sites to stabilize the interaction. The other four
models emphasize FAK and Src cooperativity in promoting
CAS-SD phosphorylation. In model B (59), FAK phosphory-
lates CAS-SBD tyrosines 668 and/or 670, driving an SH2-me-
diated recruitment of Src which then phosphorylates CAS-SD.
The Src SH3 domain interaction with the SBD could further
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stabilize the interaction. Models C to E each invoke phosphor-
ylation of FAK Tyr-397 as a key step. In model C (57), Src
plays a noncatalytic bridging role whereby the interaction of
the Src SH2 domain with FAK pTyr-397 and the simultaneous
interaction of the Src SH3 domain with its binding site in the
CAS-SBD recruits FAK to phosphorylate CAS-SD. In model
D (12, 45), FAK directly phosphorylates CAS-SD, but only
after its activation loop Tyr-576/Tyr-577 site has been phos-
phorylated by Src bound to the pTyr-397 site. Finally, in model
E (64), FAK is viewed as playing a docking role whereby CAS
bound to FAK becomes phosphorylated by Src bound to the
pTyr-397 site. The goal of our study was to determine which of
the alternative mechanism(s) depicted in Fig. 1 are most likely
to play substantial roles in regulating CAS-SD tyrosine phos-
phorylation.

CAS is poorly phosphorylated by FAK, relative to Src bound
to FAK. Since direct phosphorylation of CAS by FAK is central
to models B to D (Fig. 1), initial studies were undertaken to
determine the capacity of FAK to directly phosphorylate CAS
by using an in vitro assay of FAK immunoprecipitates. Since
FAK activation loop phosphorylation may be important for
maximizing FAK kinase activity toward CAS, it was important
to conduct these assays under conditions where the FAK ac-
tivation loop tyrosines are highly phosphorylated. Therefore,
wild-type mouse FAK with an N-terminal Myc epitope tag
(WT-mycFAK) was expressed in COS-7 cells together with an
unmutated mouse n-Src (neuronal isoform) which is sufficient
to promote phosphorylation of the FAK activation loop tyro-
sines 576 and 577 (51). The coexpressed Src is catalytically
active under these conditions, probably because the negative
regulation brought about by the intramolecular interaction of
its SH2 domain with the C-terminal phosphotyrosine (Tyr-535
for n-Src) is released by its interaction with the FAK Tyr-397
autophosphorylation site. WT-mycFAK was then immunopre-
cipitated on protein A-Sepharose beads by using an antibody
against the Myc tag and assayed for kinase activity toward CAS
(which had been preadsorbed to the beads) by incorporation of
32P from [y->*P]ATP, followed by autoradiography. As shown
in Fig. 2C, lane 5, substantial CAS phosphorylation by the
WT-mycFAK (coexpressed with Src) immunoprecipitate was
observed, which was measured by phosphorimage analysis to
be ~75 times above the background level obtained from a
control assay of CAS beads incubated with lysates from cells
transfected with the vector only (compare to Fig. 2C, lane 1).
Phosphoamino acid analysis showed that only tyrosine residues
were phosphorylated in the reaction (data not shown). Inter-
estingly, when a kinase-dead mutant n-Src (KD-Src) was
coexpressed instead of the unmutated n-Src, the activity asso-
ciated with the WT-mycFAK immunoprecipitate was only slight-
ly above the background (Fig. 2C, compare lane 5 with lane 3).
The requirement for Src kinase activity could indicate that the
observed FAK-associated activity toward CAS was dependent
upon FAK activation loop phosphorylation by Src, as sug-
gested by model D. However, other results from our analysis
shown in Fig. 2 clearly indicated that the vast majority of the
kinase activity toward CAS in these assays was not due to FAK
itself but rather to coprecipitating Src bound to the FAK pTyr-
397 site. Thus, CAS phosphorylation was substantially reduced
(by greater than 10-fold) when the WT-mycFAK (+Src) assays
were performed in the presence a Src-selective inhibitor
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FIG. 2. CAS phosphorylation by FAK immunoprecipitates is large-
ly due to coprecipitating Src. Myc-tagged FAK variants (either WT,
F397, or R454) were expressed in COS-7 cells along with either WT
n-Src or a kinase-dead (KD) n-Src mutant, as indicated. Control cells
were transfected with empty expression plasmid (—). Cell lysates were
incubated with anti-Myc antibody 9E10, and immunoprecipitates (IP)
were formed with protein A-Sepharose beads that had been pread-
sorbed with mouse CAS protein which served as substrate for kinase
reactions. After incubation with the lysates, the beads were split three
ways and utilized for immunoblot (IB) assessment of FAK recovery
(A) or coprecipitating Src recovery (B) or for kinase assays (C). The
kinase reactions, utilizing [y->*P]ATP, were carried out in the presence
or absence of 44 uM PD161430, a Src-selective inhibitor. Reactions
were stopped by boiling in SDS buffer, and CAS was reimmunopre-
cipitated to eliminate FAK, which comigrates with CAS on gels. After
SDS-PAGE, CAS phosphorylation was visualized by autoradiography
and quantitated by phosphorimage analysis. (D) The reimmunopre-
cipitated CAS was also subjected to immunoblot analysis to show
near-equal recovery.

(PD161430) which has no effect on FAK activity (45, 67) (Fig.
2C, compare lanes 5 and 6). Similar experiments using F397-
mycFAK, which does not bind and coprecipitate Src (Fig. 2B,
lane 4), resulted in little CAS phosphorylation (Fig. 2C, com-
pare lanes 7 and 5). Finally, immunoprecipitates of the KD
R454-mycFAK, when coexpressed with n-Src, showed similar
PD161430-sensitive CAS phosphorylation as observed for WT-
mycFAK (Fig. 2C, compare lanes 9 and 10 with lanes 5 and 6).
Although the R454 mutant is defective in Tyr-397 autophos-
phorylation, coexpressed Src can phosphorylate this site (12) to
promote its own SH2-mediated interaction, which is evident
from the coprecipitation (Fig. 2B, lane 5).

The data shown in Fig. 2 indicate that coprecipitating Src
accounts for >90% of the kinase acitivity toward CAS mea-
sured in WT-FAK immunoprecipitates from lysates where
wild-type n-Src was expressed. That the remaining activity is
due to FAK is supported by the observation that PD161430
blocked all of the activity in the sample containing R454-
mycFAK (+Src) (Fig. 2C, compare lanes 6 and 10). Also, ac-
tivity measured in the presence of PD161430 is enhanced by
coexpression with WT n-Src but not by the KD mutant (Fig.
2C, compare lanes 6 and 8 with lane 4), suggesting some
enhancement of FAK activity as a result of Src-mediated phos-



VoL. 21, 2001

CAS TYROSINE PHOSPHORYLATION MECHANISM 7645

A 3 B
9

L B
‘ .6
/
3 ¥ e

M,

-9

-
1-{’» :

10-+

11-'1

WT-FAK[+Src]
minus PD161430

L I

. »9
. 10- . 5
s v &
6 / . 6
¥ o8 1-3 "7
8

WT-FAK[+Src] |
plus PD161430 mix of A and B|

D e

»9 .9
10-+ ®5 10-#
-3 /‘ 6| [n-8 7

1-3 ,7 1-3

i

B-Src

s 10-# .5
L owe| (8,4 o
.7 - 8
4 L
2 i ;
mix of Aand D L_, GST-CAS(SD)

FIG. 3. Tryptic phosphopeptide maps of mouse CAS phosphorylated in vitro. **P-labeled CAS proteins phosphorylated in vitro by various
kinase preparations were separated by SDS-PAGE, recovered from gels, and subjected to two-dimensional tryptic phosphopeptide mapping
analysis. Electrophoretic separation (horizontal arrows) was in pH 1.9 buffer and chromatographic separation (vertical arrows) was in phospho-
chromo buffer. (A and B) CAS phosphorylated by WT-FAK immunoprecipitates from COS-7 cell lysates where n-Src was coexpressed in the
absence (A) or presence (B) of the PD161439 Src inhibitor (i.e., lanes 5 and 6 in Fig. 2C). (C) Mix of samples A and B. (D) CAS phosphorylated
by recombinant baculovirus-expressed c-Src (B-Src). (E) Mix of samples A and D. (F) GST-CAS(SD) phosphorylated by B-Src. For each map,
~500 Cerenkov cpm were loaded on the thin-layer cellulose plates, and autoradiographic exposure was for 5 to 7 days.

phorylation of the FAK activation loop (model D). Neverthe-
less, these findings as a whole emphasize that FAK is a very
inefficient CAS kinase relative to Src. This conclusion is rein-
forced when one considers that fewer Src molecules, relative to
FAK, are likely to be recovered in the FAK immunoprecipi-
tates.

CAS phosphorylation by Src and FAK is qualitatively sim-
ilar, with all major sites residing in CAS-SD. According to
model B, FAK selectively phosphorylates Tyr-668 and/or Tyr-
670 in the CAS-SBD while Src phosphorylates the CAS-SD.
To assess possible qualitative differences in CAS phosphoryla-
tion by Src versus FAK, we generated two-dimensional tryptic
phosphopeptide maps from CAS phosphorylated in vitro by
the immunoprecipitate of WT-mycFAK coexpressed with n-
Src in the absence or presence of PD161430 (i.e., CAS labeled
as in Fig. 2C, lanes 5 and 6). The map in Fig. 3A represents
CAS phosphorylation in the absence of PD161430 (largely due
to Src), and the map in Fig. 3B represents CAS phosphoryla-
tion in the presence of PD161430 (largely due to FAK). The
maps are very similar, with each showing a cluster of three
apparent phosphopeptide spots (labeled 1 to 3) having similar
electrophoretic and chromatographic mobilities, two other ma-
jor spots (labeled 4 and 5), and a number of less intense spots
(labeled 5 to 10). These spots comigrated when the samples
were mixed (Fig. 3C), attesting to their identity. Although the
maps shown in Fig. 3A and B are notable for their overall
similarity, differences in minor spots are evident, with spots 6
to 8 and 10 appearing relatively less intense in Fig. 3B. Other

minor spots are evident in one or the other of the maps shown
in Fig. 3A and B, which have not been given a numerical label
as they were not consistently observed. Not surprisingly, a map
obtained for CAS phosphorylated in vitro using baculoviral-
expressed c-Src (B-Src) closely resembles the map obtained
from the in vitro labeling reaction using the WT-FAK (+Src)
immunoprecipitate (Fig. 3, compare D to A and the mix in E).
However, we have been unable to phosphorylate CAS to suf-
ficient levels to permit mapping using a baculoviral-expressed
FAK.

To determine which of the phosphopeptides evident in the
CAS maps shown in Fig. 3A to E represent the SD region, we
also obtained a map from a bacterially expressed glutathione
S-transferase (GST) fusion protein containing the entire SD
region of mouse CAS (residues 33 to 545) but lacking the
C-terminal region including the SBD. The GST-CAS(SD) pro-
tein was labeled by in vitro phosphorylation using B-Src. The
map of GST-CAS(SD) is essentially identical to the maps gen-
erated for full-length CAS (Fig. 3, compare panel F to panels
A and D), indicating that all major sites of full-length CAS
phosphorylation under these conditions fall within the CAS-
SD region. Apparently, none of the major phosphopeptide
spots resolved from full-length CAS represent the SBD Tyr-
668/670 sites, since no such spots were missing in the GST-
CAS(SD) map. Thus, the data shown in Fig. 2 and 3 indicate
that FAK and Src may essentially phosphorylate the same
CAS-SD tyrosine sites, although Src activity toward these sites
is at least 10-fold greater than FAK activity.
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FIG. 4. FAK and n-Src cooperate to promote cellular CAS tyrosine
phosphorylation and enhance CAS-associated kinase activity. Myc-
tagged CAS (CASmyc) was expressed in COS-7 cells either alone, with
HA-tagged FAK (FAKHA), with n-Src, or with both FAKHA and
n-Src, and mycCAS phosphotyrosine content and associated kinase
activity were determined. Equal total protein amounts of the cell
lysates were used for immunoblot (IB) assessment of either FAKHA
(A) or Src (B) expression using anti-HA antibody 12CAS or anti-Src
antibody 327, respectively. The remaining lysates (equal protein amounts)
were used to immunoprecipitate (IP) CASmyc by using anti-Myc an-
tibody 9E10 for the CAS phosphorylation analyses. (C) Near-equal
CASmyc recovery was indicated by immunoblotting the immunopre-
cipitates with CAS-TL antibody. (D) Cellular phosphotyrosine levels
of CASmyc were determined by immunoblotting equal portions of the
CASmyc immunoprecipitates with antiphosphotyrosine antibody 4G10.
(E) Kinase reactions were carried out in the presence of [y->*P]ATP
and either the presence (+) or absence (—) of 44 uM PD161430 on
another equal portion of the mycCAS immunoprecipitates. Reactions
were stopped by boiling in SDS buffer and CASmyc was reimmuno-
precipitated to eliminate comigrating FAK. After SDS-PAGE, CAS
phosphorylation was visualized by autoradiography.

FAK and Src cooperate to promote CAS-SD tyrosine phos-
phorylation in cells. To conduct the assays shown in Fig. 2,
FAK and CAS were bound to beads via separate antibody
linkages, and it is possible that this artificial arrangement re-
stricted the ability of FAK to directly phosphorylate the CAS-
SBD or CAS-SD. Therefore, we wanted to next assess the
ability of FAK to phosphorylate CAS under conditions where
FAK was directly bound to CAS via normal cellular inter-
actions. To this end, COS-7 cells were transfected with three
separate plasmids, in various combinations, expressing ei-
ther Myc-tagged WT-CAS (CASmyc), HA-tagged WT-FAK
(FAKHA), or untagged n-Src. After 2 days, CASmyc was
immunoprecipitated with the anti-Myc antibody and subjected
to phosphorylation analysis by immunoblotting for phosphoty-
rosine and by measuring phosphorylation by coprecipitating
kinases. When CASmyc was expressed alone, it did not become
measurably tyrosine phosphorylated in the cells and coprecip-
itated very little kinase activity (Fig. 4C to E, lanes 1). Co-
expression with FAKHA alone had a very minor effect on
CASmyc cellular phosphotyrosine levels and associated kinase
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activity (Fig. 4A to D, lanes 2; 4E, lanes 3 and 4), while
expression with n-Src alone resulted in a more substantial in-
crease in these properties (Fig. 4B to D, lanes 3; 4E, lanes 5
and 6). However, expression of FAK and n-Src together led to
a dramatic increase in both CASmyc cellular phosphotyrosine
content and associated kinase activity (Fig. 4D, lane 4; 4E,
lanes 7 and 8). The total CAS-associated activity was mea-
sured by phosphorimage analysis to be ~8-fold greater when
FAKHA and n-Src were coexpressed relative to when n-Src
was expressed alone (Fig. 4E, compare lane 5 to lane 7). The
CAS-associated activity was substantially blocked by the Src
inhibitor PD161430 (Fig. 4E) while phosphoamino acid anal-
ysis indicated that phosphorylation under these conditions oc-
curred essentially on tyrosine (not shown). To further charac-
terize this activity, a tryptic phosphopeptide map was obtained
for CASmyc labeled under conditions identical to the sample
shown in Fig. 4E, lane 7, where CASmyc was immunoprecipi-
tated from COS-7 lysates following coexpression with both
FAKHA and n-Src. As a control, a map was also obtained for
immunoprecipitated CASmyc, prepared from lysates where
neither FAK nor n-Src were coexpressed, that was phosphor-
ylated by B-Src. These maps are very similar to one another
(Fig. 5, compare panels A and B) and closely resemble the
maps for nontagged mouse CAS or GST-CAS(SD) phosphor-
ylated by exogenously added Src or FAK/Src complex shown in
Fig. 3. Since CAS phosphorylation by the associated coprecipi-
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FIG. 5. Tryptic phosphopeptide maps of CASmyc phosphorylated
by coprecipitating kinases. (A) WT-CASmyc coexpressed in COS-7
cells with FAK and n-Src and phosphorylated by coprecipitating ki-
nases (i.e., lane 7 in Fig. 4E). (B) CASmyc expressed alone in COS-7
cells and phosphorylated by baculovirus-expressed Src (B-Src). For
each map, ~250 Cerenkov cpm were loaded on the thin-layer cellulose
plates and autoradiographic exposure was for 7 days. Electrophoretic
and chromatographic separation conditions were the same as for the
maps shown in Fig. 3.
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FIG. 6. c-Src behaves similarly to n-Src in cooperating with FAK to
promote CAS tyrosine phosphorylation. c-Src, which lacks the six-
amino-acid nSrc insert in the SH3 domain, was compared to n-Src in
its ability to promote CASmyc tyrosine phosphorylation in transfected
COS-7 cells both in the presence or absence of FAKHA. See Fig. 4A
to D legend for details. IB, immunoblot; IP, immunoprecipitate.

tating kinases is a good indication of phosphorylation occur-
ring in the cells, the map of the CAS-associated activity indi-
cates that CAS tyrosine phosphorylation taking place in the
COS-7 cells occurs substantially within the SD, while the SBD
may not represent a major site of cellular phosphorylation.

The n-Src neuronal isoform used in our experiments con-
tains a six-amino-acid insert in the nSrc loop of the SH3 do-
main, and it is possible that this insertion results in a reduced
binding affinity for CAS compared to the nonneuronal c-Src
SH3 domain, such that c-Src could have been much more
effective in promoting CAS tyrosine phosphorylation in the
absence of FAK expression. To test this possibility, we com-
pared the ability of n-Src versus c-Src to promote CASmyc
tyrosine phosphorylation following coexpression in COS-7 cells
in the presence or absence of FAKHA. As shown in Fig. 6,
c-Src behaved similarly to n-Src in this assay and promoted
only a low level of CAS tyrosine phosphorylation in the ab-
sence of FAKHA but a much higher level when FAKHA was
also expressed. Taken together, the data shown in Fig. 4 to
6 strongly support a FAK/Src cooperative mechanism for
CAS-SD tyrosine phosphorylation wherein FAK acts by re-
cruiting Src (either n-Src or c-Src) to CAS (model E). CAS
tyrosine phosphorylation induced by Src alone could reflect the
FAK-independent mechanism where Src is recruited directly
to the CAS-SBD (model A).

FAK-promoted CAS phosphorylation is independent of
FAK kinase activity, but requires Tyr-397 and site(s) for CAS-
SH3 binding. We next tested the structural requirements for
FAK in its ability to cooperate with Src to promote CAS
tyrosine phosphorylation. Myc-tagged FAK variants (either
WT, F397, R454, F576/F577 [phenylalanine substitutions for
activation loop tyrosines], or A712/A715/A873/A876 [mPR;
alanine substitutions for prolines in both CAS-SH3 binding
sites]) were individually expressed in COS-7 cells along with
n-Src, and immunoprecipitates of the endogenous CAS pro-
tein were analyzed for phosphotyrosine content and associated
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kinase activity. Consistent with our earlier results, WT-mycFAK
expression increased the cellular phosphotyrosine content of
endogenous CAS to a level well above that observed when
n-Src was expressed alone (Fig. 7A to E, compare lanes 2 and
1). Again, the FAK-promoted cellular CAS tyrosine phosphor-
ylation was also reflected as increased PD161430-sensitive
CAS-associated kinase activity (Fig. 7F, compare lanes 1 and 2
to 3 and 4). Expression of the kinase-dead R454-mycFAK
variant had the same effect as expressing WT-FAK (Fig. 7E,
lane 4, and F, lane 7), indicating that FAK’s own kinase activity
is not required for the response. The activation loop mutant
F576/F577-mycFAK, which exhibits reduced kinase activity rel-
ative to WT-FAK (45), also efficiently promoted cellular CAS
tyrosine phosphorylation (Fig. 7E, lane 5) and increased the
CAS-associated kinase activity (Fig. 7F, lane 9), although the
latter was somewhat reduced relative to the activity promoted
by WT-and R454-mycFAK. We previously reported that the
F576/F577 FAK mutation impairs the ability of Src to enhance
FAK and CAS coimmunoprecipitation (48), suggesting that
Src-mediated phosphorylation of the FAK activation loop may
act to stabilize the SH3-mediated FAK/CAS interaction. The
reduced recovery of CAS-associated kinase activity observed
when F576/F577-mycFAK is expressed could be a reflection of
this instability.

The substantial inhibition of CAS-associated activity by
PD161430 indicates that FAK is acting to recruit Src to CAS.
Indeed, neither cellular CAS phosphotyrosine content nor
CAS-associated kinase activity were obviously enhanced by
expressing either F397-mycFAK, which cannot undergo phos-
phorylation to promote SH2-mediated binding to Src (Fig. 7E,
lane 3, and F, lane 5), or mPR-mycFAK, which cannot undergo
SH3-mediated binding to CAS (Fig. 7E, lane 6, and F, lane 11).
The mPR mutation actually acted to reduce CAS cellular phos-
photyrosine and associated kinase activity relative to what was
observed when n-Src was expressed alone. This dominant-
negative activity indicates that stable interactions may form
between mPR-FAK and n-Src (and endogenous SFKs), effec-
tively sequestering the SFKs away from CAS.

As controls for these experiments, equal portions of the total
cellular lysates were used for immunoblot analysis to establish
that the FAK variants (Fig. 7A) and n-Src (Fig. 7C) were
expressed to similar levels and that CAS recovery was equiv-
alent (Fig. 7D) for each experimental condition. Analysis of
the cell lysates with an antibody that specifically recognizes the
phosphorylated FAK Tyr-397 site showed that the R454 and
F576/F577 mutants become highly phosphorylated on Tyr-397
(Fig. 7B), presumably by n-Src, indicating that FAK autophos-
phorylation activity is dispensable for Tyr-397 phosphorylation
under these experimental conditions. Thus, our analysis of
FAK mutants indicates that FAK must interact with both the
CAS SH3 domain and with the Src SH2 domain at the phos-
phorylated Tyr-397 site in order to promote Src-mediated CAS
tyrosine phosphorylation, consistent with model E.

CAS-SH3 domain is required for FAK-promoted CAS tyro-
sine phosphorylation, but not PXXP motif or Tyr-668/Tyr-670
sites in CAS-SBD. We also tested the requirements for CAS
protein interaction domains in the ability of CAS to become
tyrosine phosphorylated when coexpressed with FAK and/or
n-Src. Either WT-CASmyc or one of three CASmyc variants
(ASH3, SH3 domain deletion; mPR, RPLPSPP motif in SBD
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FIG. 7. FAK structure/function requlrements for FAK/Src—promoted CAS tyrosme phosphorylation. n-Src was expressed in COS-7 cells either
alone or with a Myc-tagged FAK variant (either WT, F397, R454, F576/F577, or mPR [A712/A715/A873/A876]) and endogenous CAS phospho-
tyrosine content and associated kinase activity were assessed. Equal total protein amounts of the cell lysates were used for immunoblot (IB)
assessment of either mycFAK expression using anti-Myc antibody 9E10 (A), FAK Tyr-397 phosphorylation using phosphospecific antibody
pFAK397 (B), or Src expression using anti-Src antibody 327 (C). The remaining lysates (equal protein amounts) were used to immunoprecipitate
(IP) endogenous CAS using CAS-TL antibody for the CAS phosphorylation analyses. (D) Near-equal CAS recovery was indicated by immuno-
blotting the immunoprecipitates with CAS-TL antibody. (E) Cellular phosphotyrosine levels of CAS were determined by immunoblotting equal
portions of the CAS immunoprecipitates with anti-phosphotyrosine antibody 4G10. (F) Kinase reactions were carried out in the presence of
[y-**P]ATP and either the presence (+) or absence (—) of 44 uM PD161430 on another equal portion of the CAS immunoprecipitates. Reactions
were stopped by boiling in SDS buffer, and CAS was reimmunoprecipitated to eliminate comigrating FAK. After SDS-PAGE, CAS phosphory-

lation was visualized by autoradiography.

changed to RAAASPP; and FF668/670, phenylanine substitu-
tions for SBD Tyr-668/670 residues) were expressed in COS-7
cells either alone or with WT-FAK and/or n-Src. Immunopre-
cipitates of the CASmyc variants were then prepared and an-
alyzed for cellular phosphotyrosine levels by antiphospho-
tyrosine immunoblotting. As before (Fig. 4), WT-CASmyc
did not become detectably tyrosine phosphorylated when ex-
pressed alone or when expressed only with FAK and was only
modestly phosphorylated when expressed with n-Src alone, but
became much more highly phosphorylated when expressed
together with both FAK and n-Src (Fig. 8D, lanes 1 to 4). The
ASH3 CAS mutant also became tyrosine phosphorylated when
coexpressed with n-Src to an extent similar to what was ob-
served for WT-CAS (Fig. 8D, compare lanes 7 and 3). How-
ever, unlike WT-CAS, ASH3-CAS failed to become more ex-
tensively phosphorylated when FAK was also expressed along
with n-Src (Fig. 8D, compare lanes 8 and 4). The ability of
FAK to promote CAS tyrosine phosphorylation was not com-
promised by either the mPR or the FF668/670 mutations (Fig.
8D, lanes 12 and 16). However, both mPR- and FF668/670-

CASmyc were resistant to tyrosine phosphorylation when only
n-Src was expressed (Fig. 8D, compare lanes 11, 12, 15, and 16
to lanes 3 and 4). Thus, the analysis of CAS mutants indicates
a requirement for both Src SH3 and SH2 binding sites in the
CAS-SBD in the limited tyrosine phosphorylation promoted by
Src alone (indicative of model A), while the more extensive
phosphorylation cooperatively promoted by FAK and Src is
largely independent of the CAS-SBD but requires the CAS-
SH3 domain (indicative of model E).

DISCUSSION

CAS-SD tyrosine phosphorylation is an important event in
integrin control of cell behavior, but understanding the mech-
anism by which this is achieved is complicated by the dual
interactions CAS makes with the tyrosine kinases FAK and Src
and by the direct binding and regulatory interactions made
between FAK and Src. As a consequence of this complexity,
five plausible models have been proposed for CAS-SD phos-
phorylation by FAK or Src (Fig. 1). In this study, we used
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FIG. 8. CAS structure/function requirements for FAK/Src-promoted CAS tyrosine phosphorylation. Myc-tagged CAS (CASmyc) variants
(either WT, ASH3 [deletion of SH3 domain], mPR [RAAASPP mutation of RPLPSPP motif], or F668/F670) were expressed in COS-7 cells either
alone, with FAK (untagged), with n-Src, or with both FAK and n-Src, and the resulting phosphotyrosine content of the CASmyc variants was
assessed. Equal total protein amounts of the cell lysates were used for immunoblot (IB) assessment of either FAK (A) or Src (B) expression using
anti-FAK C20 antibody or anti-Src antibody 327, respectively. The remaining lysates (equal protein amounts) were used to immunoprecipitate (IP)
CASmyc using anti-Myc antibody 9E10 for the CAS phosphotyrosine analyses. (C) Near-equal CASmyc recovery was indicated by immunoblotting
the immunoprecipitates with CAS-B antibody. (D) Cellular phosphotyrosine levels of CASmyc were determined by immunoblotting equal portions

of the immunoprecipitates with anti-phosphotyrosine antibody 4G10.

biochemical and structure/function approaches to test these
models. Our results indicate that CAS-SD tyrosine phosphor-
ylation is most efficiently achieved by a FAK/Src cooperative
mechanism whereby CAS bound via its SH3 domain to FAK
becomes phosphorylated by Src bound to the FAK pTyr-397
site (model E). FAK therefore plays a major role as a docking
protein that acts to bring Src to its substrate CAS. Our results
also support a FAK-independent mechanism of CAS-SD phos-
phorylation by Src resulting from direct recruitment of Src to
the CAS-SBD (model A), although this mechanism appears to
account for substantially less CAS phosphorylation than occurs
through Src bound to FAK. Our findings that FAK exhibits
very weak catalytic activity toward CAS, relative to Src, and
does not appear to uniquely phosphorylate CAS tyrosines,
including those in the SBD, downplay other FAK/Src cooper-
ative models involving direct phosphorylation of CAS by FAK.

Model E, along with models B to D, predict that FAK and
Src act cooperatively to promote CAS-SD phosphorylation.
Accordingly, we found that expression of both kinases in
COS-7 cells results in substantially higher levels of cellular
CAS phosphorylation and CAS-associated kinase activity re-
covered in immunoprecipitates than is achieved when either
kinase is expressed alone (Fig. 4 and 6). Models E and D, but
not B and C, also predict that FAK’s role in promoting CAS
phosphorylation is dependent on its ability to directly interact
with both Src and CAS, and this prediction is supported by our
findings that FAK mutants unable to bind either Src (F397) or
CAS (A712/A715/A873/A876 [mPR]) impaired FAK enhance-
ment of CAS tyrosine phosphorylation (Fig. 7) as well as did
the CAS ASH3 mutant which cannot bind FAK (Fig. 8). In
support of model D, suggested by past findings that the FAK
F576/F577 mutation results in diminished FAK activity (12,
45), we found that Src expression enhances CAS phosphory-
lation by FAK immunoprecipitates when assayed in the pres-

ence of a Src inhibitor (Fig. 2). However, other results strongly
support model E over model D. Thus, the vast majority of
kinase activity toward CAS recovered in FAK immunoprecipi-
tates is due to coprecipitating Src rather than FAK itself (Fig.
2), and FAK’s own kinase activity is not critical for FAK-
promoted CAS phosphorylation in COS-7 cells (Fig. 7). Initial
support for model E came from the observation that expres-
sion of a CD2-FAK chimeric protein caused elevated CAS
phosphotyrosine levels that were aberrantly maintained when
cells were held in suspension, while the F397 and R454 mu-
tants of CD2-FAK were unable to achieve this response (64).
Also consistent with model E are findings of enhanced adhe-
sion-dependent CAS phosphotyrosine induced by expression
of WT-FAK, but not by F397- or mPR-FAK mutants (14, 45).
A mechanism similar to model E may also regulate tyrosine
phosphorylation of paxillin (54, 61).

In addition to the FAK/Src cooperative mechanism of model
E, our results also support the FAK-independent mechanism
depicted in model A, whereby CAS-SD phosphorylation is due
to Src recruited directly to CAS via its SH3 and SH2 domain
interactions with the SBD. Thus, even in the absence of FAK,
we found that expression of Src in COS-7 cells promoted some
CAS tyrosine phosphorylation—measured to be ~10 to 20%
of that induced when FAK is coexpressed with Src (Fig. 4).
Consistent with model A, this activity is retained for the CAS
ASH3 mutant but is reduced in the CAS-SBD mutants, mPR
and F668/F670 (Fig. 8). The loss of activity in the CAS-F668/
F670 mutant is consistent with the notion that Src, once ini-
tially bound by its SH3 domain, phosphorylates the Tyr668/670
site to further stabilize its interaction by SH2 binding. Other
studies supporting model A have shown that CAS-SBD muta-
tions disrupt Src/CAS coimmunoprecipitation and reduce CAS
tyrosine phosphorylation (40) and that the Src-SH3/CAS-SBD
interaction is sufficient to recruit and activate Src to phosphor-
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ylate CAS-SD (11). Also, recovery of CAS-associated activity
from Crk-transformed cells was found to be greatly reduced by
mutation of the SH3-binding site in the CAS-SBD (40). Thus,
model A appears to be an alternative mechanism for CAS-SD
phosphorylation and could be the major mechanism under
conditions where FAK is not associated with CAS or is not
highly phosphorylated at the Tyr-397 site.

In our studies we primarily used the n-Src neuronal isoform,
which contains a short insert in the SH3 domain. It could be
argued that this insert may impair the binding affinity for the
CAS-SBD relative to the nonneuronal c-Src SH3 domain, as
indeed appears to be the case for certain other SH3 ligands
(50, 63). If the affinity of the n-Src SH3 domain for the CAS-
SBD site is considerably less than that of nonneuronal c-Src,
then the relative contribution made by c-Src bound directly to
CAS could be substantially greater than is observed for n-Src.
However, when we directly compared the ability of n-Src ver-
sus c-Src to promote CAS tyrosine phosphorylation we found
that c-Src behaves essentially the same as n-Src in this regard.
Thus, both Src isoforms were able to promote CAS tyrosine
phosphorylation to only a low level in the absence of FAK and,
for both, the coexpression of FAK led to a dramatic enhance-
ment of CAS phosphotyrosine levels (Fig. 6). Thus the argu-
ment that FAK plays an important role by recruiting Src to
phosphorylate CAS need not be restricted to neuronal cell
types where n-Src is expressed.

Several results from the study indicated that model B, in
which FAK phosphorylates the CAS-SBD tyrosines 668 and
670 to promote Src binding, is unlikely to make a significant
contribution to CAS-SD phosphorylation. Most notable was
the finding that the CAS 668 and 670 tyrosines are not required
for FAK/Src-enhanced CAS phosphorylation (Fig. 8). Also,
phosphopeptide mapping did not provide evidence for this site
being among the major sites phosphorylated by FAK (Fig. 3),
and FAK kinase activity was found to be dispensible for FAK-
enhanced CAS phosphorylation while the Src-binding Tyr-397
site was required (Fig. 7). Model B stems from observations
showing that FAK stimulates CAS-SD phosphorylation follow-
ing coexpression of the two proteins in COS-1 cells, while FAK
appeared capable only of directly phosphorylating the Tyr-668
and 670 site (59). The same study found that the ability of FAK
to promote CAS-SD phosphorylation required CAS Tyr-668
and 670 and FAK kinase activity but was independent of FAK
Tyr-397, which is in contrast to our own observations. We
cannot explain this discrepency, but we note that the earlier
study (59) analyzed the effects on CAS phosphorylation of
expressing only FAK with CAS. Given the intricate nature of
the interactions between CAS, FAK, and Src and the capacity
for mutual catalytic activation by FAK and Src, a full assess-
ment of the mechanism of CAS phosphorylation should con-
sider the combined action of both kinases. Indeed, we found
FAK expression alone resulted in very little CAS tyrosine
phosphorylation compared to when both FAK and Src were
expressed. While it is conceivable that the model B mechanism
could account for the minimal CAS phosphorylation induced
when FAK alone is expressed, the much greater capacity for
CAS-SD phosphorylation by Src bound to FAK indicate that
model B is unlikely to play a significant role in CAS signaling.

Our results are also inconsistent with model C, whereby Src
acts as a bridge to recruit FAK to phosphorylate CAS. Accord-
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ing to model C, the ability of the Src SH3 domain to bind the
CAS-SBD is critical for FAK/Src-promoted CAS-SD phos-
phorylation. Yet it is clear from our analysis of CAS mutants
(Fig. 8) that this is not the case. The ability of FAK and Src to
cooperatively promote CAS tyrosine phosphorylation is little
affected by the mPR mutation in the CAS-SBD. Rather, it is
the CAS ASH3 mutation that abolishes this phosphorylation
response, indicating the importance of a direct CAS-FAK in-
teraction, as does the finding that the FAK-mPR mutation,
which disrupts the FAK-CAS interaction (22, 48), eliminates
FAK-promoted CAS tyrosine phosphorylation in the presence
of Src (Fig. 7). Model C also predicts a major role for the
kinase activity of FAK, rather than Src activity, but FAK kinase
activity is not required for FAK to promote CAS phosphory-
lation (Fig. 7). Also, we have observed that FAK does not ef-
ficiently promote cellular CAS tyrosine phosphorylation when
coexpressed with KD-Src (data not shown). Model C stemmed
from the observation that expression in Src null cells of a trun-
cated Src protein that lacks its kinase domain but includes both
SH3 and SH2 domains is able to enhance cellular CAS phos-
photyrosine levels, coupled with data showing that immuno-
precipitates of FAK from Src null cells still are able to phos-
phorylate CAS with high efficiency (57). While the mechanism
by which the truncated Src promotes CAS tyrosine phosphor-
ylation remains uncertain, coprecipitating SFKs, i.e., Fyn and
Yes, could have accounted for the bulk of the CAS kinase
activity observed in the FAK immunoprecipitates from Src null
cells. Even if full-length Src could act as a bridge to bring FAK
to CAS, it seems unlikely that the meager FAK catalytic ac-
tivity toward CAS, relative to that of Src, would critically im-
pact CAS-SD phosphorylation and downstream signaling events.

The complexity of the CAS tryptic phosphopeptide maps
(four or five major spots and several additional minor spots)
indicate that CAS is phosphorylated at multiple tyrosine sites
by the FAK/Src complex. These sites appear to all lie in or very
near the SD region, as indicated by the essentially identical
appearance of the maps for full-length mouse CAS and the
GST-CAS-SD fusion protein (Fig. 3). It will be of future in-
terest to determine which YXXP tyrosines account for the
observed phosphopeptides and if other tyrosines in the region
are phosphoacceptor sites. It was somewhat surprising that our
maps did not provide evidence for a major phosphopeptide
representing the Tyr668/Tyr670 site. Previous studies have
shown that mutation of the Tyr-668 equivalent in rat CAS can
reduce the interaction between CAS and Src following their
coexpression in COS-1 cells (40) and that the C-terminal re-
gion of CAS containing Y668/670 is efficiently phosphorylated
by a baculoviral Src preparation, enhancing its ability to bind
Src in a blot overlay assay (10). In light of these studies, we do
not discount the possibility that the Tyr-668/670 site was phos-
phorylated in our in vitro kinase reactions but was insufficiently
labeled to give rise to a major phosphopeptide spot.

While our studies indicated that CAS-SD tyrosine phosphor-
ylation by FAK and Src is primarily achieved by the mechanism
represented by model E, with model A having a secondary role
when FAK is present, the relative importance of these and
other mechanisms could be different for other complexes con-
taining members of the FAK, Src, and CAS families. Since
FAK and the FAK-related kinase PYK2 appear to have dif-
ferences in substrate specificity (34), it is possible that PYK2
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could be a more efficient CAS kinase than FAK such that
models B to D could be more important. In addition, there are
substantial differences in the SBDs of CAS and the two CAS-
related proteins HEF1/CAS-L (32, 39) and Efs/Sin (1, 26),
which could impact on the SD phosphorylation mechanism.
For example, the binding site for the Src SH3 domain is not
conserved in HEF1/CAS-L. Thus, the relative importance of
the various possible mechanisms for SD phosphorylation of
CAS family members by SFKs and FAK/PYK2 kinases will
need to be examined on an individual basis.
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